Our objective in this study is to develop models which relate detailed structural parameters to performance, providing the means for predicting final film properties. In this work, we used different types of polyethylene (LLDPE, HDPE, and LDPE) at different process conditions in the film blowing process. The morphology of films was studied using X-ray diffraction, SEM, AFM, FTIR, and birefringence measurements. Herman's orientation factors of the films were determined via both WAXD pole figures and infrared dichroism. DSC, WAXD and SAXS were used to determine microstructural parameters including the degree of crystallinity, lamellar thickness, crystal size, length of crystal, and long spacing. By using the statistical design of experiments, a correlation between mechanical properties including tensile properties, Elmendorf tear, dart impact, and optical properties such as haze and clarity was obtained with the microstructural parameters.
INTRODUCTION
P OLYETHYLENE (PE) BLOWN film is one of the most important polymeric products today. Because of the commercial significance of PE in blown film applications, PE film manufacturers have been aggressive in improving film properties and reducing manufacturing cost to become more competitive in the global market. It is known that in the film blowing process, the primary molecular parameters are coupled with processing conditions to produce the final film morphology, which in turn determines the final film properties. In addition to these primary molecular parameters, the molecular orientation imparted during blown film is known to have a major effect on the mechanical properties of films. Therefore, characterization of film morphology is crucial for finding the structure and property relationships.
Process variables in the blown film process include:
. Temperature of the melt leaving the die . Die gap . Blow up ratio (BUR), defined as the ratio of final film-tube diameter to die diameter . Take up ratio (TUR), defined as the ratio of film velocity at the nip roll to average velocity of film leaving the die . Frost line height and cooling conditions Figure 1 shows the schematic of the effects of molecular structure and processing induced secondary film structure (morphology and molecular orientation) on the mechanical properties of PE blown films. Since the same polymer run at different conditions on the same equipment result in a variation of film properties and optical properties, changes in the blown film process parameters, including cooling which influences frost line height, have an impact on final film properties. Physical and mechanical properties of polyethylene are known to be strongly influenced by morphology, such as molecular orientation, size, shape, and characteristics of crystalline domains. Therefore fundamental structure-property (S-P) relationships in PE blown films are important to blown-film manufacturers. Understanding of the S-P relationships should enable film manufacturers to predict the physical and mechanical properties of films and to determine the processing conditions or resin properties required for achieving certain film properties.
A number of studies have been reported in recent years concerning the interrelations among processing, film structure, and physical properties of the films -and it has been well-recognized that the properties of blown films are greatly influenced by structure development during their fabrication. But from the various literature studied on this subject, it seemed that this field lacked the full development of relating the molecular structure to the properties of blown films. Therefore, it was decided to start this work aimed at a fundamental understanding of the structure-property relationships in polyethylene blown films with a goal to establish a model for predicting final film properties of different types of polyethylene (LLDPE, HDPE, LDPE) in the film blowing process [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
EXPERIMENTAL

Materials
HDPE, LDPE, and LLDPE were investigated. These materials were provided by Dow Plastics Company and Nova with the specifications listed in Table 1 . 
Film Preparation
PE blown films with different structures were produced at two locations. A 45 mm diameter Killion single screw extruder with a helical annular die (outer diameter of 63.5 mm and a gap of 3 mm), a dual lip air ring with air cooling and take up equipment was used in the É cole Polytechnique de Montreal for all the HDPE and LDPE samples. The mass flow rate was maintained around 2.5 kg/h by adjusting the screw speed. For the LLDPE samples, we used a Brampton Engineering blown film extrusion line (die diameter of 101.6 mm and die gap of 1.1 mm) equipped with air cooling and using five extruders at the Industrial Materials Institute (IMI) of the National Research Council of Canada in Boucherville, Quebec. A mass flow rate of around 20 kg/h was maintained by adjusting the screw speeds of the five extruders which were maintained at the same temperature.
The process conditions for these films are summarized in Table 2 . The preparation of films with different structures was based on changing the process conditions, particularly varying the take up ratio (TUR) and the blow up ratio (BUR) for each type of polyethylene, while maintaining a stable bubble.
Morphological Observations
Scanning Electron Microscopy
Molecular orientation and structure development during film blowing have a major effect on mechanical and physical properties of polyethylene films; therefore comprehensive and detailed morphological characterization of PE blown films was the core work. The film samples were observed using field emission gun-scanning electron microscopy (FEG-SEM). As an example, the SEM images for one sample of each different type of polyethylene films (LLDPE, LDPE, and HDPE) are shown in Figure 2 . The PE film specimens were etched by soaking for 20 min in a 0.7% solution of potassium permanganate in a mixture of 65% vol sulfuric acid and 35% vol orthophosphoric acid.
Atomic Force Microscopy
The surface morphologies of films were evaluated using Digital Instrument Nanoscope IV Scanning Probe Microscope operated in multimode (Veeco Metrology Group). It was used for quick determination of surface roughness of the film and to find the images of the 
LLDPE9 HDPE9n
HDPE1n HDPE4n of the samples was determined by AFM and is shown in Figure 5 . The surface roughness of the HDPE films was generally higher than LDPE and LLDPE.
Wide-angle X-ray Diffraction ( WAXD)
WAXD is a useful technique for understanding oriented semicrystalline polymers, and it was used for the determination of the crystal size and crystal orientation. The use of wide-angle X-ray pole figures allows one to obtain considerable information regarding the orientation of specific crystalline axes or planes. The average size Correlating Structural Films to Properties of PE Blown Films of the crystalline regions (P) was determined by using the Scherrer formula [9] :
where is the full width at half maximum, Â is the Bragg's angle, and is the wavelength. The transverse dimension of crystallites is calculated by:
The crystalline mass fraction or degree of crystallinity is obtained through:
A a ¼ area under amorphous hump and A c ¼ area remaining under the crystalline peaks.
The WAXD experiments were performed using a Bruker D8 Discover apparatus. The instrument with a Cu-K radiation (wavelength of 1.54 Å) was operated at 40 kV and 40 mA. From the WAXD pole figure technique (the (110) and (200) reflections were used), the orientation parameters, the degree of crystallinity (X c ), and the average crystallite size in (200) and (110) were determined. WAXD pole figure technique was used to obtain quantitative information about crystal orientation.
Small Angle X-ray Scattering (SAXS)
SAXS is an effective tool for studying the crystalline structure in polymers at angles very close to the main beam, typically <2 . SAXS measures the distance between PE crystal centers, which is in the range of hundreds of angstrom units. Most frequently, the only cooperative reflections that usually appear in the SAXS patterns occur as a consequence of the periodic arrangement of crystal lamellae along the chain-axes (c-axis) direction. This is because there is considerable disorder in crystal matching in the other two directions from crystallite to crystallite. Since the Long spacing measures the distance between crystal centers, it includes the non-crystalline phase between the crystals in the c-axis direction as well. In fact, the intensity of the SAXS is inversely proportional to the square of the electron density difference between the crystalline and non-crystalline regions.
The SAXS intensity distribution curves for different PE samples are shown in Figure 6 . SAXS was carried out to determine Long spacing (L), the length of the crystallites and the average length of the amorphous layer. The well-known Bragg relation is used:
where is the wavelength and s is the scattering vector. Direct application of Bragg's law to the maximum of the scattering curve ( Figure 6 ) yields the long spacing L ¼ 1/s (at maximum point of scattering curve), where L is the average length of the crystalline layer plus the amorphous layer. The average crystal length follows from the knowledge of L and percentage crystallinity of the polymer, typically:
SAXS results indicate that the samples crystallized with a stacked lamellar morphology, with the lamellar normals oriented parallel to MD. The existence of the randomly oriented lamellae has been seen in the LDPE and LLDPE samples.
Infrared Dichroism using FTIR Spectroscopy
Infrared dichroism obtained from polarized FTIR spectroscopy is a technique for the determination of crystalline a-, b-, c-axes, and amorphous orientation functions for polyethylene. The uniaxial orientation is generally described by the Herman's factor:
where is the angle between the chain axis and the chosen reference axis (usually the machine direction). Most samples have a certain degree of symmetry with three orthogonal directions designated as machine (M), transverse (T), and normal (N). For polyethylene, the orientation functions for the a, b, and c crystallographic axis are defined as:
where , , are the angles between the unit whose orientation is of interest (a-axis, b-axis, or c-axis) and a reference axis (M, T, or N). The three crystallographic axes are perpendicular such that:
A Nicolet 170SXFTIR (Magna-IR 860) was used to obtain the raw spectra at a resolution of 2 cm À1 with an accumulation of 128 scans using both a normal and tilted incidence. A deconvolution procedure was then applied in the 720-730 cm À1 spectral region to determine the dichroic ratios and orientation functions [17, 18] .
The Herman's orientation functions were calculated using both the Pearson VII and Lorentzian equations in HDPE/LDPE samples, and Pearson in LLDPE samples at the region between 690 and 760 cm À1 [19, 20] . This band could be decomposed by peak deconvolution techniques into three peaks. Two narrow peaks at 730 and 720 cm À1 arise from crystalline structure and a broader peak at 723 cm À1 arises from the amorphous phase.
Differential Scanning Calorimetry
Thermal analysis was performed using a Perkin-Elmer Pyris-7. The percentage of crystallinity of samples were obtained from DSC results and used as independent variables in the modeling. The heat of fusion of 100% crystalline PE was taken as 289 J/g [21] and the heating rate used was 10 C/min.
Birefringence
Birefringence is a measure of the total molecular orientation of a system. It is defined as the difference between the different refractive indices for the machine, transverse, and normal direction.
The technique we use for its measurement is the multiwavelength polarized white light technique and light is directed through at least two beams at different angles. Figure 7 shows the results for birefringence in M, T, and N directions. It is obvious that HDPE films have a higher birefringence than that of LDPE and LLDPE films, which is due to the increase of the orientation caused by an increase in the TUR during production of HDPE films.
RESULTS AND DISCUSSION
Orientation Measurement
The orientation in both crystalline and amorphous phases is important in determining the mechanical properties of PE blown films. SEM was used to observe the orientation of lamellae and lamellar stacks directly. Further, the WAXD pole figure technique was used to obtain quantitative information about crystal orientation. Fourier transform infrared (FTIR) dichroism experiments were performed to compare with the WAXD results. The calculated Herman's functions for crystalline a-, b-, c-axes and amorphous phase are shown in Figure 8 . It is obvious from Figure 8 (a) that the orientation function obtained from FTIR had quite a similar trend for all samples when compared with WAXD results, but the values from IR were higher than those from the WAXD pole figure technique. The amorphous orientation functions from FTIR technique were not reasonable (Figures 8(e ), (f)), because the amorphous orientation should be more oriented in MD. In this work, the Herman's factors that were obtained from the WAXD pole figure LLDPE9  LLDPE1  LLDPE5  LLDPE10  LDPE13  LDPE12  LDPE11  LDPE10  LDPE5  LDPE7  LDPE3  LDPE0  HDPE10n  HDPE9n  HDPE8  HDPE7n  HDPE6n  HDPE5  HDPE4n HDPE2n HDPE2 HDPE1n
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Birefringence MT MN TN LLDPE9  LLDPE1  LLDPE5  LLDPE10   LDPE13  LDPE12  LDPE11  LDPE10  LDPE5  LDPE7  LDPE3  LDPE0  HDPE10n  HDPE9n  HDPE8  HDPE7n  HDPE6n  HDPE5  HDPE4n  HDPE2n  HDPE2  HDPE1n Orientation functions technique were considered in statistical data analysis and the amorphous orientation functions were calculated from:
where Án is the birefringence of the polymer, f c and f am are the crystalline and amorphous orientation functions, Án c and Án are the intrinsic birefringence values for the perfectly oriented crystalline and amorphous phases, X c is the crystal weight fraction, and Án form is the form birefringence due to the distortion of the electric field of the light wave at the anisotropic phase boundary. Án form is generally neglected, since it is just 5-10% of the total birefringence [22] . In the case of polyethylene, the value Án c ¼0.058 was determined; Án am values were found at various sources in the literature. The crystalline contents were obtained by DSC and WAXD techniques and they were used in Equation (11) to calculate the amorphous orientation factors for MD and TD. The results are shown in Figure 9 . Figure 9 . Amorphous orientation functions obtained using crystallinity from DSC and WAXD techniques.
Crystal Size and Lamellar Thickness Measurement
Lamellar thickness and its distribution are important morphological characteristics of semicrystalline polymers. The measurements of the dimensions of crystal and lamellar thickness were accomplished by SAXS, WAXD, and DSC techniques, because the melting temperature of polymer crystals is related to lamellar thickness.
The Gibbs-Thomson equation (simplified) and Wunderlich equation applied to obtain the thickness of lamellae at melt temperature [21, 23] .
T f and l are respectively the melt temperature ( K) and the thickness of lamellae, and e is the basal surface free energy (one of the hypotheses is that the amount of e for all samples -including LDPE, LLDPE, and HDPE -are constant at 90 erg/cm 2 ), ÁH ¼ 289 J/g (Heat of fusion of 100% crystalline), c ¼ 0.995 g/cm 3 (the density of the crystalline phase), T 8 f ¼ 418.7 K (melt temperature of 100% crystalline). Figures 9 and 10 show that in the HDPE case, the gap between the results (orientation factors and lamellar thickness) from different methods is bigger than LLDPE and LDPE cases. LLDPE9  LLDPE1  LLDPE5  LLDPE10  LDPE13  LDPE12  LDPE11  LDPE10  LDPE5  LDPE7  LDPE3  LDPE0  HDPE10n  HDPE9n  HDPE8  HDPE7n  HDPE6n  HDPE5  HDPE4n HDPE2n HDPE2 HDPE1n
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Gibbs_Thomson equation Wunderlich equation Figure 10 . Measured lamellar thickness from two different equations.
Mechanical Property Measurements
The tensile properties of the films were evaluated according to ASTM D 882-02 using an Instron tensile testing machine at room temperature. The mechanical properties were measured in MD and TD directions for Young's modulus, elongation at break, elongation at yield, tensile strength at break, and tensile strength at yield. The tear strength (MD and TD tear resistance) of films was measured according to ASTM D1922. The haze was measured according to ASTM D 1003. The impact resistance of the films was evaluated in accordance with ASTM D1709-98. Some mechanical properties measured for the PE films are shown in Figure 11 .
Design of Experiment
A statistical design of experiment was used to study the major effects between the micro-structural parameters and the properties of polyethylene films. The experiment consisted of 22 test runs (including 4 different samples for LLDPE, 8 samples for LDPE, 10 samples for HDPE) involving 12 independent variables. The independent variables and dependent variables (responses) are shown in Tables 3 and 4 respectively. These test data were used to generate equations to describe the factor effects on each of the mechanical and physical properties.
A stepwise regression approach was used and each response was regressed against all independent factors. The results of stepwise regression summary are shown in Table 5 . Table 5 indicates which structure parameters caused a statistically significant (>95%) effect on the properties of the PE films. The parameters are listed down the left side of the table. The properties are listed across the top of the table. If a coefficient is listed on the line of a parameter, then that parameter has a significant effect on the corresponding property. These coefficients can be used to predict the individual film properties.
Based on the effects chart, it is obvious that there are correlations between the properties such as the modulus in MD and TD; tear strength in TD, tensile strength at break in MD and TD, tensile strength at yield in MD and TD, strain at break in MD and TD, strain at yield in MD and TD, haze and clarity with structural parameters including the crystalline content, lamellar thickness, orientation parameters for crystalline a-axis along MD, b-axis along MD and TD, the amorphous phase along MD and TD. For example, Table 5 shows that dart impact strength depends mainly on the lamellar thickness, crystal size (200), and orientation of the b-axis along MD and TD. The modulus in TD, the tensile strength at yield in MD and TD, haze and clarity are affected by the crystallinity.
From the statistical study concerning a set of independent values and a corresponding set of dependent values, it was found that some functional form will relate the dependent values to the independent values. The main approach in these studies was to select linear relationships as the functional form for the properties that show a 
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Modulus_manual (MPa) Figure 11 . Measured mechanical properties. Tables 3 and 4 , it is obvious that the information gained through the statistical study can be used to determine the effects of parameters on each property, but it should be pointed out that the statistical approach was based on a limited set of experiments (22 test runs) and thus are not definitive. For example, in the case of dependency of tensile strength break at MD on roughness and the independence of Dart impact strength on crystallinity, there is no explanation. Although it is generally accepted that the effects chart could provide guidance to develop practical, predictive models for the estimation of PE film properties, it is clear that it requires more test runs at commercial production levels to determine the desired factor effects that are under study.
CONCLUSION
A systematic investigation provided fundamental understanding on the interrelations between polyethylene films' structural parameters (crystallinity, crystallite dimensions, and arrangement, orientation etc.) and physical properties. Different techniques for characterizing the film structure included birefringence, WAXD, SAXS and AFM, X-ray pole figure analysis, SEM, and infrared radiation. These techniques were used for determination and calculation of structural parameters and the morphology of the films.
By changing the processing conditions and producing different structures for LDPE, LLDPE, and HDPE blown films, the study of the above structural parameters was combined with measuring the physical and mechanical properties (tensile properties, tear strength, dart impact strength, haze and clarity), so that models for each property were defined.
Statistical analysis showed that parameters such as lamellar thickness, crystallinity and orientation factors have a significant effect on most film properties. Tear strength, dart impact strength, tensile and optical properties are important in many film applications; and based on the statistical technique it was observed that many of these properties correlate with various structure parameters (crystalline content, orientation functions for crystalline a-axis along MD and TD, b-axis along MD and TD, amorphous along MD and TD, lamellar thickness, and roughness).
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